Surface rheology of monolayers of a saturated phospholipid (dipalmitoylphosphatidylcholine, DPPC), an unsaturated phospholipid (dioleoylphosphatidylcholine, DOPC) and cholesterol is studied with axisymmetric drop shape analysis at the argon/water interface. Measurement techniques for lipids are described in detail. Profile analysis tensiometry (PAT) is used to determine the film pressure Π, surface elasticity and surface dilational viscosity of monolayers upon sinusoidal oscillations of the drop surface for various amplitudes a and frequencies f to assess their dependence on these dynamic parameters. It is shown that surface dilational viscosity strongly depends on the frequency and decreases by a factor 2-5 with increasing f in the considered range. Dilational viscosity is higher the more the monolayer approaches a relaxed state. Thus, the molecular interactions are stronger in the relaxed than in the stressed state. Surface elasticity is much less dependent on dynamic conditions. For DPPC a minimum of the dynamic surface elasticity is found for f = 12.5 mHz (at Π = 17.5 mN m −1 ) which coincides well with the relaxation frequencies measured in stress relaxation experiments. The dynamic surface elasticity of DPPC exhibits a plateau in the range 13.5 mN m −1 ≤ Π ≤ 27 mN m −1 in good coincidence with the phase boundaries of the coexistence region of micron-sized liquid crystalline domains surrounded by a fluid monolayer phase. In equilibrium measurements (Π/A-isotherms) a plateau of the film pressure is seen at the lower bound and a break at the upper bound of the coexistence region. Film pressure/area isotherms produced by PAT and a Langmuir film balance closely coincide as is shown in a comparison to literature values. However, the surface elasticities measured dynamically with oscillating surfaces widely deviate from those derived from isotherms in the case of DPPC and cholesterol, whereas for DOPC very good agreement can be found.
Introduction
Rheological properties of phospholipid monolayers are of fundamental importance for the physiology of breathing, since the fluid layer on the alveolar lining is covered by monolayers consisting of almost 90% phospholipids [1] . Consequences of surface rheology on respiratory performance have been discussed in detail [2] [3] [4] [5] . Further, the surface rheology of phosAbbreviations: DPPC, dipalmitoylphosphatidylcholine; DPPG, dipalmitoylphosphatidylglycerol; DOPC, dioleoylphosphatidylcholine; ADSA, axisymmetric drop shape analysis; PAT, profile analysis tensiometer; THD, total harmonic distortion * Corresponding author. Tel.: +49 7233 68443; fax: +49 7233 68413.
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pholipids effects the properties of many emulsion systems, influencing emulsion stability [6] , droplet deformation and suspension rheology [7] . As the physicochemical properties of monolayers are similar to those of bilayers, monolayers and bilayers of phospholipids mixed with cholesterol have been studied extensively both in the context of cell physiology [8, 9] and artificial bilayer systems like liposomes [10] .
There are fundamental differences in the rheology and phase formation of phospholipids consisting of either saturated or unsaturated fatty acids. To characterize them, two ubiquitous phospholipids with a phosphatidylcholine headgroup, but either saturated (dipalmitoylphosphatidylcholine, DPPC) or monounsaturated fatty acids (dioleoylphosphatidylcholine, DOPC) were chosen for this study.
Various methods have been used to characterize rheology, phase separations and transitions of pure phospholipids, especially DPPC and DOPC, and their mixtures with cholesterol.
Classically, film pressure versus area isotherms are produced on a Langmuir film balance, that allow to derive the dilational elasticity in thermodynamic equilibrium. Isotherms are reported for DPPC [4, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , DOPC [11, [24] [25] [26] , binary DPPC/cholesterol [15, 27] , binary DOPC/cholesterol [25, 26] , and ternary DOPC/DPPC/cholesterol mixtures [28] . To obtain the surface dilational viscosity and the dynamic surface elasticity, monolayers on a Langmuir film balance are studied with an oscillating barrier at various frequencies, which is described for DPPC [16, 19, 20] and DOPC [24] . Surface shear viscosity of DPPC was studied with a shear rheometer [19, 20, 29] .
Area oscillations of drop or bubble surfaces can be performed with a profile analysis tensiometer (PAT) using the principle of axisymmetric drop shape analysis (ADSA). Here, monolayer compression and expansion is more homogeneously distributed over the whole area than on a Langmuir trough. ADSA was used to study DPPC [4, 21, 30] and other phospholipid monolayers at the air-water interface [3, 4, 21, 30, 31] , chloroform/water interface [21, 22, 30] , n-dodecane/water interface [23, 30] or dichloromethane/water interface [32] . Alternatively to a pendent drop, PAT can also be used to study a captive bubble under prescribed oscillations. This was performed for DPPC [2, 11] and DOPC [11] .
However, there is not very much information so far regarding the dependence of surface dilational viscosity and elasticity on dynamic parameters, i.e. frequency and amplitude of harmonic area oscillations. Wüstneck et al. [3] used PAT to study the stress relaxation process of a DPPG monolayer and the influence of oscillation frequency on the surface dilational viscosity and elasticity. The influence of oscillation amplitude was not studied systematically so far. Wüstneck et al. [3] observe that the rheological parameters determined from harmonic oscillations may depend on the amplitude. Therefore, we present a systematic study of the influence of the oscillation amplitude and frequency on dilational elasticity and viscosity and the distortions caused by higher harmonics. We quantitatively compare our results produced with PAT regarding the surface elasticity of DPPC, DOPC and cholesterol with those of other authors, who either used dynamic or static methods. With that aim, we compare film pressure/area isotherms of DPPC measured with PAT and with a Langmuir film balance to assess whether discrepancies stem from differences of the surface geometry or from the difference of dynamic or static conditions of measurement.
The surface rheological properties, phase transitions and separations of monolayers of DPPC-cholesterol and DOPC-cholesterol binary mixtures as functions of the film pressure will be presented in a further publication [33] .
Background
ADSA allows to determine the surface tension σ, the film pressure Π, the surface dilational viscosity η and the surface elasticity ε of a monolayer present at the liquid-liquid or liquid-gas interface. The main principle is to determine the surface tension of a liquid from the shape of a pendent drop. The surface tension σ is calculated by fitting the drop shape to the Young-Laplace equation. The film pressure Π = σ 0 − σ L is the difference of the surface tension σ 0 of the pure subphase (water) and that with the lipid monolayer σ L .
The response of the surface tension σ to harmonic area oscillations gives information about the rheological properties of monolayers. The surface elasticity ε in thermodynamic equilibrium is given by
where dσ describes the infinitesimal surface tension gradients upon a relative variation of the area A. It was shown by Loglio et al. [34] that a complex elasticity modulus E can be determined by
where F denotes the Fourier transformation operator, ω = 2πf the circular frequency, t the time, δ ln A(t) the variation of the relative surface area with the frequency f and δσ(t) is the surface tension response. Eq. (2) is only applicable when the time dependent variations are small enough to produce a linear relation between δ ln A(t) and δσ(t). The complex elasticity modulus can be displayed as
where θ is the phase angle between the harmonic area oscillation and surface tension response. From Eq. (3) the dynamic surface elasticity ε and the dilational viscosity η can be derived:
Materials and methods

Materials
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (DPPC) were obtained from Lipoid (Ludwigshafen, Germany), and cholesterol (standard for chromatography) from Sigma (Taufkirchen, Germany). As spreading solvent chloroform from Roth (Karlsruhe, Germany) was used. All materials had an estimated purity of more than 99% and were used without further purification. Bidistilled water with the quality for injectable drugs was used as subphase. All experiments were performed at ambient temperature, in the range 24.2 ± 3 • C, the precise temperature is given in the legend of each figure. To avoid lipid oxidation, argon was flowing constantly through the measurement chamber. The argon flow was saturated with water vapour by bubbling through water in a bottle. Water evaporation of the drop subphase was compensated by the dosing system, see Section 2.2. 
Surface rheology measurements
The dynamic surface properties of monolayers were measured with a pendent drop tensiometer PAT1 from Sinterface (Berlin, Germany). The method of measurement is described in [31] . A schematic drawing of the tensiometer seen from above is presented in Fig. 1 . A CCD camera (a) records the shape of the pendent drop (b) which is illuminated with a light source (c). The home-made measurement chamber (d) has an optical glass (e) on the CCD camera side, and a small orifice for the needle of the microliter syringe (f). The syringe is placed on a holder, which can be moved in all directions and has a micrometer-adjustable endpoint.
The pendent drop was formed at the tip of a stainless steel capillary with an exterior diameter of 0.7 mm. A monolayer was deposited with the microliter syringe at the drop surface as described in Section 2.4. After deposition, the monolayer film pressure Π was followed in time at a constant drop surface A. Once equilibrium was approached (i.e. Π mN m −1 ≤ 0.1 mN m −1 within 5 min), measurement of ε and η was started, i.e. Π of an oscillating drop was recorded. Data were analysed with a Fourier transformation function for a generally 5 periods. The drop oscillation was performed with the tensiometer automatic dosing system, which varied A(t) following a sinusoidal function of a prescribed amplitude and frequency:
A(t) = A 0 + a 1 sin(ωt). Here, A 0 represents the undisturbed surface area and a 1 the amplitude of the fundamental frequency f. The dimensionless area amplitude a is expressed as a percentage of A 0 : a = (a 1 /A 0 ) × 100 (%).
The dosing system for the subphase (water) is varied discretely in 3000 volume steps in arbitrary time intervals, for which a 25 l dosing syringe was used for drop volumes ranging from 5 to 13 l. A fixed liquid volume per step, 0.0083 l in this case, produced a smooth sinusoidal variation of the drop area.
Inaccuracies of dosing and disturbances were quantified by the total harmonic distortion (THD) [35, 36] , expressed as a percentage of a 1 :
where a 2 , a 3 , . . ., a n are amplitudes of the higher harmonics of the Fourier series. Since ambient light affected surface tension measurements, the tensiometer was placed in a lightproof space, only illuminated by the light source (c) shown in Fig. 1. 
Tensiometer calibration
A stainless-steel high-precision ball purchased from Martin and Co. (USA and Italy) [37] was used to calibrate the tensiometer. The ball diameter was d = 3.0 ± 0.000125 mm and the deviation from the spherical form s = 0.13 m. In a first calibration step, an external length scale is used, either the nozzle or the diameter of the calibration sphere. After applying the calibration software routine, the maximum deviation of the contour of the sphere image should be smaller than 5 m compared to an ideal sphere. This is achieved by properly cleaning the calibration ball and adjusting illumination and focus.
In a second step of calibration, the conversion factors from CCD-camera pixels to SI units (millimetres) in horizontal and vertical direction, cx and cz, respectively, have to be adjusted as described in detail in [38] . A very small variation in cx and/or cz affects the absolute value of σ which is checked with a calibration fluid and its literature value. An error of the cx/cz ratio produces an incorrect dependence of σ on the drop volume. Calibration is done iteratively by first varying the ratio cx/cz to minimize the volume dependence of σ. Then the values of cx and cz are varied at constant ratio until the literature value of σ is achieved. The surface tension values of a small drop are unreliable (e.g. for a drop area of 9.3, 11.0, 14.3, 17.5, 20.7 mm 2 , corresponding to a volume of 3.0, 3.8, 5.5, 7.3, 9.2 mm 3 , the surface tension values of pure water were 79.9, 82.4, 74.1, 71.5, 71.3, respectively). Evidently, the drop must be large enough for gravity to clearly distort its spherical shape [39] . After calibration the drop size range for constant values of σ is determined. For pure water the minimum drop surface area is 20 mm 2 and the corresponding volume is 8.8 mm 3 for the capillary diameter used (0.7 mm).
Lipid deposition
For deposition of the lipid solution on the pendent drop surface a 0.5 l Hamilton syringe with an obliquely cut tip (12 • ) was used. The injected volume was usually 0.2 l, varying at maximum between 0.1 and 0.4 l. Approximately the same volume was used by Wüstneck et al. [3] . The lipid concentration was usually 0.2 mM.
A typical injection procedure is presented in Fig. 2 . A drop of water was formed ( Fig. 2(a) ), and the microliter-syringe moved horizontally towards the micrometer-adjustable endpoint (b). The amount of chloroform lipid solution was injected at the drop surface (c) and the microliter-syringe was slowly pulled out (d). By varying the volume of the lipid solution injected, the desired film pressure was obtained (e).
A blunt syringe tip (90 • ) caused vibrations upon withdrawal, which forced the drop to fall off. Therefore, only oblique syringe tips were used.
Results and discussion
Dependence of η and ε on oscillation frequency and amplitude
THD, ε and η of DPPC, DOPC and cholesterol monolayers as functions of a and f are presented in Figs. 3-5, respectively. For simplicity, the notations for THD, ε, η and Π in text and figures are given with the indices P, O and C for DPPC, DOPC and cholesterol, respectively.
The film pressures were kept constant at Π P = 17.5 mN m −1 ( Fig. 3) , Π O = 21.7 mN m −1 (Fig. 4 ) and Π C = 16.0 mN m −1 (Fig. 5) . The dependence on a is presented in the left column, i.e. graphs A, C and E. The same data are analysed in their dependence on f in the right column, i.e. graphs B, D and F. The frequency f was varied between 8 and 25 mHz for all experiments. Different amplitudes a were tested; for DPPC and DOPC 2.5% ≤ a ≤ 20.0%; for cholesterol 1.5% ≤ a ≤ 5.0%. For the cholesterol measurements, owing to its high surface elasticity (for Π = 16 mN m −1 ), higher a would have forced the pendent drop to fall off when A approaches the minimum value. In cases of high amplitudes the monolayer may be destroyed, which results in a breakdown of the rheological parameters [3] .
The time interval for the Fourier series analysis can be chosen arbitrarily. Usually, a time interval of 4-6 periods was analysed. However, THD values depend on the interval, i.e. the number of periods and their phase. For example, an interval of 30 periods was analysed by choosing different numbers of periods and phase for the Fourier analysis (results not shown). The relative deviation of THD is 5-10%, for η it is 3.5-14% and for ε it is 2.5-6.6%. The fact that η is determined with less precision was reported as well by Wüstneck et al. [2] which found the confidential intervals (95% confidence level) of ε about 1-4%, whereas those for the η between 10 and 15%. Decesari et al. [40] obtained an uncertainty on the ε determination of 10% for Π > 3 mN m −1 using the same instrument.
It was found that the highest number of periods analysed does not produce the smallest THD in general. Therefore, in Figs. 3 and 4 the results are given only for the minimum value of THD. In Figs. 5 and 6 two to five results of THD (only in Fig. 5 ), ε and η for the same experimental data are shown for comparison.
We will first discuss the influence of a on THDvalues in the respective graphs A of Figs. 3-5. Generally, 1.7% ≤ THD ≤ 19%. As expected, larger amplitudes a mostly cause nonlinear effects and therefore produce higher THD. However, not all curves show clear dependencies. Therefore, statistical estimations were undertaken to assess for which parameters correlations exist. A t-test according to Student as reported by Bronstein [41] was applied, where the distribution function t p,n is given by
where R 2 is the coefficient of correlation of the respective (mostly linear) regression, n the number of independent data, and p is the probability of the hypothesis H 0 , where H 0 means that there is no correlation. For DPPC, as shown in Fig. 3A , THD P significantly increases with a (p < 0.05) for four frequencies (8, 18, 20, 25 mHz), whereas no significant tendency (p > 0.05) for the remaining three frequencies (10, 12.5 and 15 mHz) was found. Linear trendlines are shown as solid lines for p < 0.05 and as dashed lines for p > 0.05 in Figs. 3-5. In the case of DPPC, THD-values are extraordinarily low for the cases with p > 0.05, i.e. 1.8% ≤ THD P ≤ 7% for a ≥ 10%. THD O significantly (p < 0.001) increases with a for all f, and THD C increases significantly with a for three f, whereas for the other three no tendency is observed. As shown in graphs B of Figs. 3-5, THD is not systematically influenced by f.
In the literature, the THD-parameter was used to quantify the inaccuracies of dosing system and disturbances [35, 36] . We show that THD is significantly influenced by a, but is not influenced by f. Generally, a nonlinearity appears at higher a. Saulnier et al. [32] found that nonlinear phenomena appear for a DPPC monolayer when a > 10%.
The viscosity dependence on a for DPPC, DOPC and cholesterol is presented in graphs C of Figs. 3-5, respectively. In Fig. 3C it can be observed that solely for f = 8 mHz, η P significantly decreases with a from 90 to 68 mN s m −1 . For f > 8 mHz, no tendency is obtained, and 27 mN s m −1 ≤ η P ≤ 54 mN s m −1 . For DOPC, η O significantly (p < 0.05) increases with a for three f (10, 18, and 25 mHz), whereas no significant tendency for the remaining three frequencies (8, 15 , and 20 mHz) is found.
As can be observed from Fig. 5C , cholesterol presents a very high viscosity which highly significantly (p < 0.01) decreases with a for all frequencies. The maximum deviation of η P depending on a at equal f is 32%, for η O it is 33% and for η C is 105%. Fig. 3D contains an insertion with a zoomed area for a better distinction of data. The viscosity significantly decreases with increasing f: p < 0.025 for DPPC, and p < 0.02 for DOPC and cholesterol. The strong decrease of η with increasing f indicates that the surface rheological behaviour is structurally viscous, i.e. high viscosities at low frequencies, which decrease at faster deformations as already described by Wüstneck et al. [3] . Owing to its strong frequency dependence, the maximum η P is 230% higher than the minimum in the range of f considered, for η O it is 470% and for η C is 550%. The viscosities of the two phospholipids, η P and η O , are approximately in the same range (η P , η O < 100 mN s m −1 ), whereas η C is much higher, i.e. 180 mN s m −1 < η C < 1200 mN s m −1 .
Figs. 3-5E present the variation of ε with a. For DPPC, as shown in Fig. 3 , solely for f = 8 mHz ε P significantly decreases. For low f (10, 12.5, 15 mHz) there is no significant tendency (p > 0.05), whereas for higher f (18, 20, 25 mHz) ε P significantly (p < 0.05) increases with a. The maximum ε P is 13% higher than the minimum in the measured range at equal f. ε O significantly (p < 0.02) increases with a for all f used. The maximum is 7% higher than the minimum in the measured range at equal f. Contrarily, ε C significantly (p < 0.01) decreases with a. In this case, the dependency of ε C on f is diminished at higher a. The maximum ε C is 30% higher than the minimum in the measured range at equal f.
Figs. 3-5F present the variation of ε with f. In the case of DPPC, ε P possesses a minimum at f = 12.5 mHz, whereas ε O and ε C are monotonically increasing with growing f. The maximum deviation of ε P depending on f at equal a is 25%, for ε O it is 4% and for ε C is 13%.
We compare our results regarding the effect of a and f on η and ε as shown in Figs. 3-5 to those of other authors: Wüstneck et al. [3] also observed for DPPG that η strongly decreases as soon as the disturbance of the monolayers is executed faster, i.e. as f increases. In such cases the overall surface dilational behaviour becomes more elastic [3] . This is in agreement with our results: when η decreases, ε increases. A dependence of ε on f was reported as well by Caseli et al. [42] . Wüstneck et al. [2] studied the rheological properties of DPPC monolayers by sinusoidal oscillations of a bubble using axisymmetric bubble shape analysis. They observe that f influences η P and ε P and their results are of the same order as ours. Unfortunately, a quantitative comparison is not possible because the presentation of their results is given in three-dimensional plots.
To summarize it can be stated that THD is only influenced by a, but not by f. The viscosity η strongly decreases with increasing f by a factor of 2-5. Only for cholesterol a decreasing influence with increasing a can be noticed, reducing η by a factor 2 at constant f. No clear influence can be seen for DPPC and DOPC, values only change by a few percent in these cases. The influence on elasticity is much smaller than on viscosity, ε P varies by maximally 24%, ε O by 9% and ε C by 34%. Generally, both a and f influence ε, except for ε P , which is only increasing with a for higher f. Mostly, ε increases with increasing a or f, only ε C decreases with increasing a.
As a consequence of the results shown in Figs. 3-5, f = 18 mHz and a = 2.5% were used to study the dependence of η and ε on Π for pure DPPC, DOPC and cholesterol monolayers. The frequency f was chosen because the dilational viscosity η is almost constant for f ≥ 18 mHz and it is still close to the frequency where ε P shows a minimum. Since DPPC and cholesterol were difficult to measure at high film pressures with a = 2.5%, a = 1.5% was also used in these cases. In graphs A-D filled and empty circles are results of two independent experiments, which are shown to prove reproducibility.
Dependence of η and ε on the film pressure
As can be observed in Fig. 6A , η P generally increases monotonically, but for a = 1.5% η P presents a plateau in the range of 17 mN m −1 < Π < 25 mN m −1 . However, for a = 2.5% no plateau is visible. The latter curve is similar to DOPC, as η O increases monotonically with Π with no clear breaks (Fig. 6C) . The viscosity of the saturated PC (DPPC) is always higher than that of the unsaturated PC (DOPC), i.e. η P ≥ η O for all Π. For Π > 30 mN m −1 , η P (obtained with a = 1.5%) is about two times higher than η O .
In Fig. 6B one can see that up to Π ≤ 18 mN m −1 there is no difference between ε P obtained with the two amplitudes, whereas for higher Π the ε P curves for the two amplitudes bifurcate, but still remain parallel. The plateau for ε P with a = 2.5% is in the range of 13.5 mN m −1 < Π P < 18 mN m −1 , that for a = 1.5% is in the range of 13.5 mN m −1 < Π P < 27 mN m −1 . Apparently, the plateau of ε P extends over a slightly larger range of the film pressure than that of η P when both curves with a = 1.5% are compared. Outside the plateau, ε P increases linearly with Π, the slope below the plateau is 4.7 times lower than that the slope above the plateau. A detailed comparison of our results of ε P with results reported in the literature based on static and dynamic measurements will be given in Fig. 7 .
As shown in Fig. 6D for DOPC, η O and ε O increase roughly linearly with Π without any plateau or break as in the case of η P and P . This corresponds to the fact that DOPC presents no phase transition in its Π/A isotherm [11, [24] [25] [26] [43] [44] [45] . At room temperature DOPC is in the liquid expanded state up to the point of monolayer collapse [11, [45] [46] [47] . It is known that unsaturated bonds tend to create disorder in the hydrophobic region and thus hinder liquid condensed phase formation [47] .
The filled symbols in Fig. 6D represent data of ε O obtained from static measurements with a Langmuir film balance by Dynarowicz et al. [25] (filled squares) and Smaby et al. [26] (filled circles) and from dynamic measurements by Tournois et al. [24] (filled diamonds) who used a Langmuir film balance equipped with a barrier oscillating at a frequency of 0.5 Hz. Further, ε O was calculated from a Π/A isotherm reported by Yan et al. [11] and is shown as solid line in Fig. 6D . As can be observed, our dynamic measurements coincide very well with the static and the dynamic results of the cited authors. We interpret the small deviation of ε O calculated by differentiation from the Π/A isotherm of Yan et al. [11] to be due to inevitable inaccuracies in data acquisition from isotherm curves on printed diagrams. This procedure can only produce results of limited accuracy, especially in the range of high film pressures because of the large incline of the isotherms. Since all results shown in Fig. 6D never deviate by more than 20% we conclude that ε O curves reasonably coincide. This restriction of limited accuracy applies to all static elasticity curves which do not explicitly present ε, so that ε had to be derived by us from their Π/A-isotherms, and which will be shown below. Fig. 6E and F present η C and ε C obtained at a = 1.5 and 2.5%, respectively. One can observe a steep, linear increase of both η C and ε C with Π without a plateau. There is a strong dependence of η C on a, whereas no clear dependence of ε C on a can be observed. The values of η C obtained with a = 1.5% are larger as those obtained with a = 2.5% for Π ≥ 10 mN m −1 , in agreement with [48] . Here, the static values of ε C clearly deviate from our dynamic results.
The isotherm of cholesterol shows a single phase with a collapse pressure of approximately 45 mN m −1 , at which point the molecular area is ∼39Å 2 [15, 46, 49] . It remains in the solid condensed phase up to the point of monolayer collapse [46] . As can be observed from Fig. 6 , the cholesterol elasticity and viscosity are approximately 10 times higher than those of DPPC and DOPC. Fig. 7 shows a comparison of our data with literature values of ε P measured both with dynamic methods and derived from Π/A isotherms which are assumed to be in thermodynamic equilibrium. Moreover, results obtained by two different instruments are compared in Fig. 7 : profile analysis tensiometry (PAT) and the Langmuir film balance technique.
First, we will discuss ε P values obtained with dynamic methods. Linear regressions of our ε P values produced by harmonic oscillations are shown as solid lines. Up to Π ≤ 27 mN m −1 ε P values obtained by us with a = 1.5% are in very good concordance with those of Wüstneck et al. [4] , who performed monolayer stepwise compressions with a pendent drop tensiometer, as described in [50] . For Π > 27 mN m −1 , which limits the plateau of ε P , their curve increases with a smaller slope. Additionally, they observed brittle monolayer structures and ruptures for Π > 25 mN m −1 . Further, our results are in reasonable agreement with results obtained using a modified Langmuir through with an oscillating barrier by Krägel et al. [19, 20] .
Focussing now on the static elasticity values calculated from Π/A isotherms, it can be seen that they are of the same order of magnitude and have roughly the same tendency as the values obtained with dynamic methods. In order to discuss the static ε P curves in Fig. 7 , first the Π/A isotherms of DPPC shown in Fig. 8 have to be introduced. They were produced by both PAT and Langmuir film balance measurements by different authors. Our isotherm obtained at 22. [4] ), which corresponds to a constant ε P in that range. As can be seen in Fig. 8 , the isotherms are strongly influenced by temperature, but all match qualitatively. Differences caused by the two different methods (PAT versus Langmuir film balance) cannot be detected here due to their differences in temperature. However, it has been shown by Wüstneck et al. [4] that both methods come to almost identical results under optimised spreading conditions, but nonoptimised spreading conditions can strongly distort the results of PAT measurements.
Moving back to Fig. 7 it can be observed that the elasticity curves calculated from the different Π/A isotherms largely diversify. For those Π/A isotherms with a plateau, indicating a transition from the liquid expanded (LE) to the liquid condensed (LC) state, consequently a minimum of the elasticity curve occurs. This can be observed for ε P calculated from our Π/A isotherm curves obtained with PAT at 22.4 • C (dash-doubledotted line in Fig. 7) . The same can be observed for ε P calculated from isotherms by Albrecht et al. [15] obtained with a Langmuir film balance at 24.9 • C (short dashed line). Our ε P minimum is at Π = 7 mN m −1 , whereas ε P calculated from Albrecht et al. [15] is at 11 mN m −1 < Π < 12 mN m −1 . ε P calculated from an isotherm obtained with PAT at 20 • C by Wüstneck et al. [4] monotonically increases with Π (open squares) whereas the one at 30 • C presents a minimum at Π = 22 mN m −1 (long dashed line). ε P calculated from isotherms obtained by Pawelec et al. [14] at two different temperatures monotonically increase (open triangles and diamonds).
With increasing temperature the dilational elasticity calculated from isotherms decreases. This can be observed from the two data sets at different temperatures produced with PAT by Wüstneck et al. [4] and with a Langmuir film balance by Pawelec et al. [14] .
Dynamic methods show a plateau of an approximately constant elasticity value for a certain interval of Π. Static (equilibrium) methods show a minimum of elasticity when there is a plateau in the Π/A isotherms, elsewhere a monotonic increase of elasticity is obtained. Thus, the discrepancies of the surface elasticities of DPPC mainly result from the dynamic or static conditions of the measurement, while in thermodynamic equilibrium good agreement is between PAT and Langmuir film balance results for Π/A isotherms is documented in Fig. 8 .
Discussion
The frequency dependence of the dilational viscosity η and elasticity ε for both phospholipids and cholesterol is a clear indication of specific time scales for the reorganization processes in the monolayers. Based on stress-relaxation experiments, Joos et al. [51] approximated the decay of film pressure in time and its approach to an equilibrium value after a stepwise compression with two independent frequency constants k 1 and k 2 :
Although their values obtained for DPPC and cholesterol scatter widely, they still allow to estimate the orders of magnitude of the relaxation process: for DPPC, k 1 = 13.0 ± 6.1 mHz (average ± standard deviation), k 2 = 0.46 ± 0.24 mHz with the partition factor β = 0.25 ± 0.09. Both k 1 and k 2 are not significantly correlated with Π in the full measured range 3 mN m −1 ≤ Π ≤ 25 mN m −1 (p > 0.1). Approximating stress relaxation with a single constant, Wüstneck et al. [4] found the frequency constant to be about 16 mHz for compression and about 18 mHz for expansion in a wide range of specific area A (45Å 2 ≤ A ≤ 65Å 2 corresponding to 5 mN m −1 ≤ Π ≤ 30 mN m −1 ). Only for the highest film pressures (Π ≈ 47 mN m −1 ) they found the constant to be about 14 mHz for both compression and expansion.
The frequency constant k 1 and the constants reported by Wüstneck et al. [4] coincide well with the minimum of ε P found by us at 12.5 mHz. According to the generalized Maxwell model of viscoelasticity (also known as Maxwell-Weichert model) relaxation can be compared to a parallel arrangement of one elastic spring and several pairs of one elastic spring (with elastic modulus ε i ) coupled with a viscous dashpot (with viscosity η i ) in series. Each spring/dashpot pair has its own relaxation time constant τ i = η i /ε i (i = 1, . . ., n) which contributes to the relaxation time distribution of the whole system. For oscillations with a period t < τ i the respective spring/dashpot pair contributes more to the elastic response, for t > τ i it contributes more to the viscous response. Therefore, we interpret the coincidence of the minimum of ε P with the relaxation frequency reported by Joos et al. [51] and Wüstneck et al. [4] in the following manner: if harmonic oscillations are produced to measure ε P in the range of the relaxation frequency k 1 , the elastic response is minimized.
The question remains why ε P increases for f < 12.5 mHz? According to Joos et al. [51] a second relaxation time constant k 2 = 0.46 ± 0.24 mHz has to be taken into account which contributes much stronger to the relaxation process than k 1 owing to β = 0.25 ± 0.09. Unfortunately, we could not find any similar results in the literature reporting about a local minimum of the elasticity of a viscoelastic material from either theoretical or experimental studies. Therefore, we can only speculate that, speaking in terms of the Maxwell model, a coupling effect of the different spring elastic moduli (ε i ) may occur for oscillation periods smaller than τ 1 resulting in an increase of the total elasticity of the system for a certain band of frequencies. Coupling of different factors contributing to molecular relaxation could then be the cause for a local increase of the apparent elasticity of the monolayer with decreasing f. However, an extension of the frequency range well below k 2 would be necessary in future experiments to set a sound basis for an interpretation of this effect. For cholesterol, [51] report k 1 = 538 ± 268 mHz, k 2 = 40.7 ± 26.7 mHz with the partition factor β = 0.27 ± 0.30. In our measurements ε C shows a slow monotonic increase of 14% (for the smallest amplitude a = 1%) with increasing f over the range considered (8 mHz ≤ f ≤ 25 mHz). We interpret the fact that we do not find a minimum here to be a consequence of the frequency interval of our measurements being lower than the mentioned relaxation frequencies k 1 and k 2 . This would mean that the cholesterol monolayer has enough time to reorient completely within a drop oscillation cycle.
As we did not find any stress relaxation measurements for DOPC or other unsaturated phospholipids, there is no sound basis to interpret the frequency dependence of ε O so far.
We will now consider the frequency dependence of the dilational viscosity η. A strong decrease of surface dilational viscosity with increasing f is also reported by Wüstneck et al. [3] for DPPG. Wüstneck et al. [3] interpret this fact in analogy to the "shear thinning" properties of some bulk liquids as "structural viscosity". But unlike Wüstneck et al. [3] , who find a local minimum of η for DPPG around 18 mHz and an increase of η at higher f, we do not find a minimum for DPPC, DOPC and cholesterol in the measured range. Instead, our dilational viscosity curves seem to approach a minimum at higher f. We interpret these facts in the sense that dilational viscosity is higher the more the monolayer approaches a relaxed state and is diminished when the monolayer is in a stressed or unrelaxed state which is well in accordance with the generalized Maxwell model stated above. Since viscosity is diffusion of momentum by molecular interaction, this means that interactions are stronger in the relaxed than in the unrelaxed (stressed) state.
This conclusion can also be applied to the amplitude dependence of η, see graphs C of Figs. 3-5. As shown in Fig. 5D for cholesterol, η C is largest at the lowest amplitude a = 1.0% and is reduced to 49% of its maximum value when a is increased to 5%. This shows that a cholesterol monolayer at Π C = 16.0 mN m −1 is very sensitive to area variations. It is immediately transferred into a stressed state, and consequently a decrease of molecular interactions occurs. For DPPC, an amplitude dependence of η P only occurs at the lowest frequency f = 8 mHz, for all other frequencies η P is not altered by a. This means that only for f = 8 mHz a DPPC monolayer is sufficiently relaxed to be sensitive for the stressing effect of an increased oscillation amplitude. Since amplitude effects are not systematic for η O , we will not interpret them.
Considering amplitude effects of surface elasticity ε, we can see that for cholesterol ε C decreases with increasing a for all f, whereas for DOPC ε O increases with increasing a for all f. A mixed case occurs for DPPC: here, ε P decreases with increasing a for f = 8 mHz, it remains indifferent in the range 10 mHz ≤ f ≤ 15 mHz and increases with increasing a for f ≥ 18 mHz. This means that below the relaxation frequency f ≈ 12.5 mHz DPPC has the same amplitude dependence as cholesterol and above this relaxation frequency it adopts that of DOPC. As stated above, the cholesterol monolayer is assumed to be in an (almost) relaxed state in the range of frequencies studied which are all smaller than the two relaxation frequencies k 1 and k 2 . We try to interpret this effect making use again of the generalized Maxwell model of viscoelasticity which is composed of several elastic springs and viscous dashpots. The elastic potential energy E of each spring i is given by E i = ε i x 2 /(2l), where x is the strain and l is the length of the spring. Since larger drop oscillation amplitudes a corresponding to larger spring strains x apparently decrease the total elasticity ε of the monolayer, the elastic potential energy of the monolayer increases less than with the factor a 2 . This means that less elastic potential energy is conserved in a monolayer than one would expect from linear stress/strain response corresponding to a constant ε. Thus, the change of ε with increasing a has to be regarded as a nonlinear effect. Since the cholesterol monolayer is in an ordered, solid-like state, higher amplitudes seem to decrease the degree of order and thus the possibility to conserve elastic potential energy. Contrary to cholesterol, DOPC is in a low order liquid expanded state in the whole film pressure range. Here, higher amplitudes apparently increase the amount of elastic potential energy conservable in the monolayer, presumably accompanied by a slight increase of order. In the case of DPPC it seems that the relaxation frequency k 1 is the critical parameter: for oscillation frequencies f < k 1 where the first step of the relaxation process is assumed to be completed, higher amplitudes decrease ε P , presumably accompanied by a decrease in order. For oscillation frequencies f > k 1 higher amplitudes increase ε P , presumably accompanied by an increase in order. It appears worth noting that also the THD P dependence on amplitude a is sensitive on the relaxation frequency f ≈ 12.5 mHz, since for f = 10, 12.5, 15.4 mHz, THD P does not increase with a and shows very low THD P -values. Outside this frequency range (f = 8, 18, 20, 25 mHz), THD P increase with increasing a.
How could a relaxed and an unrelaxed state differ in their internal structure? As will be discussed below in more detail for DPPC, this monolayer is in a coexistence state of liquid crystalline, micron sized domains surrounded by a fluid monolayer phase in the liquid expanded state [16] at Π P = 17.5 mN m −1 as used for Fig. 3 . The compression and expansion of the film through a harmonic area change alters the size and shape of these domains. It is shown that faster compression/expansion rates result in smaller domain sizes [45] . Cycling the monolayer several times between low and high pressures is reported to yield a "snowstorm" pattern-a large number of small domains of similar size and shape [44] . In contrast, cholesterol is in a liquid crystalline state [15] at Π C = 16.0 mN m −1 (as used for Fig. 5 ), whereas DOPC is in the liquid expanded state at Π O = 21.7 mN m −1 (as used for Fig. 4 ). For the latter two cases no domain formation is reported. This has to be taken into account for the relaxation processes discussed above.
We will now discuss the dependence of η and ε on the film pressure Π. Focusing first on ε P we can see its plateau in the range 13.5 mN m −1 ≤ Π ≤ 27 mN m −1 (for a = 1.5%) coincides reasonably well with phase transitions reported from isotherm measurements by Albrecht et al. [15] at 12 and 25 mN m −1 . The first phase transition at Π = 12 mN m −1 is described by Albrecht et al. [15] as the "liquidus line separating phases containing fluid DPPC from phases with crystalline lecithin". Albrecht et al. do not comment on the second phase transition explicitly, but it can be deduced unambiguously from their compressibility data (their Fig. 4) . As is described for many isotherms, e.g. for DMPE (see [52] ), the kink in the isotherm in the film pressure range of 25-30 mN m −1 is referred to as the transition between a coexistence region and a homogeneous solid phase. We therefore conclude that in dynamic surface elasticity measurements ε P is constant over the full range of the coexistence region of crystalline DPPC domains embedded in fluid monolayer phase. Contrary to that, Π/A-isotherms measured in equilibrium exhibit a plateau in Π only at the lower bound of the coexistence region.
Why do the two ε P curves produced with a = 1.5 or 2.5% deviate for film pressures Π > 18 mN m −1 ? Taking into account the Π/A-isotherm shown in Fig. 8 it can be seen that when the area A is reduced by 2.5% at a film pressure Π = 18 mN m −1 this compression produces a film pressure Π = 23 mN m −1 . This means that during each compression cycle a phase transition to the solid state occurs for film pressures Π > 18 mN m −1 when a = 2.5% is used. Thus, owing to the steep increase in Π at low A, only small oscillation amplitudes a should be used in these cases. We therefore exclude the η P and ε P curves produced with a = 2.5% from further consideration in the range Π > 18 mN m −1 .
Conclusion
Testing the influences of the amplitude a and frequency f of the forced harmonic area oscillations on the total harmonic distortion (THD) it could be shown that f does not influence the THD, whereas the THD increases with increasing a in many, but not all cases.
The frequency f clearly influences both the surface elasticity ε and the dilational viscosity η. For DPPC it could be shown that ε P possesses a minimum at f = 12.5 mHz. This coincides well with the relaxation frequencies k measured in stress relaxation experiments by Joos et al. [51] with their first relaxation frequency k 1 = 13.0 ± 6.1 mHz and by Wüstneck et al. [4] who found 14 mHz ≤ k ≤ 18 mHz. The generalized Maxwell model can be used to interpret this coincidence in the way that around the relaxation frequency the elasticity is minimized.
The viscosity η decreases with increasing f for all monolayers tested by a factor of 2-5, i.e. for faster compression/expansion rates dilational viscosity is strongly reduced and appears to approach a minimum outside the measured range. A strong decrease of surface dilational viscosity with increasing f is also reported by Wüstneck et al. [3] for DPPG. We conclude that dilational viscosity is higher the more the monolayer approaches a relaxed state and is diminished when the monolayer is in a stressed or unrelaxed state. Thus, the molecular interactions are stronger in the relaxed than in the stressed state.
Comparing dynamic influences on surface elasticity ε and dilational viscosity η it can be concluded that ε is influenced by the dynamic parameters to a much smaller extent than η. The surface elasticity ε varies by maximally 24% for DPPC, by 9% for DOPC and by 34% for cholesterol in the range of parameters considered.
Good reproducibility of ε and η produced with PAT measurements is shown over the entire range of the film pressure Π, but the accuracy in the determination of ε is higher than for η. The surface dilational viscosity of the saturated phospholipid DPPC is higher than that of the unsaturated phospholipid DOPC for all Π, whereas ε and η of cholesterol are about ten times higher than DPPC and DOPC.
The dynamic surface elasticity ε P of DPPC exhibits a plateau in the range 13.5 mN m −1 ≤ Π ≤ 27 mN m −1 which coincides with phase transitions reported for (static) isotherm measurements by Albrecht et al. [15] at 12 and 25 mN m −1 . These phase transitions are regarded as the lower and upper bound of the so-called coexistence region of micron sized liquid crystalline domains surrounded by a fluid monolayer phase. We therefore conclude that in dynamic surface elasticity measurements ε P is constant over the full range of this coexistence region whereas in equilibrium measurements (Π/A-isotherms) a plateau in Π is only seen at the lower bound of the coexistence region. The plateau described here for ε P is quantitatively confirmed by dynamic measurements of [4] . For DOPC and cholesterol no plateau is found for η and ε.
Very good agreement between dynamic results of ε O and those derived from an isotherm (static ε O ) is found for the full range of Π when measured with two different methods (PAT and Langmuir film balance).
As proved by Wüstneck et al. [4] and confirmed in this study, Π/A isotherms of DPPC produced by either PAT or a Langmuir film balance closely coincide, leading to comparable static surface elasticities at equal temperatures, which were deduced from the isotherm measurements.
Static and dynamic results of the elasticities of DPPC and cholesterol strongly deviate. Elasticities measured statically are higher than those measured dynamically at equal temperatures.
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